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PreviewsATP synthase is a multisubunit 
enzyme that, in eukaryotes, transfers 
protons across the inner mitochon-
drial membrane to drive rotation of 
its subunits (Weber and Senior, 2003; 
Weber, 2006). The mechanical force 
of subunit rotation is transmitted to 
the catalytic sites to drive ATP syn-
thesis from ADP and inorganic 
phosphate (Pi) (Figure 1). In 
this issue of Cell, Kinosita 
and colleagues (Adachi et al., 
2007) use new biophysical 
techniques to further eluci-
date how the rotation of ATP 
synthase subunits is coupled 
to the chemical reactions that 
generate ATP, providing new 
insight into the inner workings 
of this sophisticated molecu-
lar machine.
ATP synthase is an unusu-
ally efficient rotary motor 
that synthesizes ATP at rates 
exceeding 100 molecules per 
second. However, in some 
natural situations as well as 
the test tube, the enzyme can 
run in the opposite direction, 
hydrolyzing ATP and pump-
ing protons outward, a feature 
that Adachi et al. (2007) used 
to their experimental advan-
tage. A soluble complex of the 
subunits α3β3γδε—called “F1” 
(Figure 1)—can be purified and 
retains ATP hydrolysis activ-
ity with rotation of the γ and ε 
subunits. Adachi et al. simpli-
fied the system further, using 
only the α3β3γ complex to mea-
sure ATP-driven γ rotation, 
with thermophile-encoded subunits 
for enhanced oligomeric stability.
Beginning with their seminal study 
demonstrating multiple unidirectional 
rotations of ATP synthase subunits at 
rates compatible with catalysis (Noji 
et al. 1997), Kinosita and colleagues 
(Adachi et al., 2007) have steadily 
elucidated features of the mecha-
nism of this enzyme. One complete 
360° revolution consists of three dis-
crete 120° steps, each associated 
with hydrolysis of one ATP molecule. 
ATP binding to the enzyme initiates 
a step, and the pause before a step 
is called the “ATP-waiting dwell.” 
Because ATP binding is fast 
(?107 M−1s−1), such dwells are 
seen only at low ATP con-
centrations. Within each 120° 
step, there are two rotational 
substeps: the first through 80° 
and the second through 40°. 
Each occurs extremely rapidly 
(<0.1 ms) and between them is 
a stationary period called the 
“long dwell” of ?2 ms, itself 
composed of two 1 ms com-
ponents. The first of these 
coincides with ATP hydrolysis 
per se and is called the “cata-
lytic dwell.” Thus, we knew that 
ATP binds, drives the first 80° 
substep, and is then hydro-
lyzed during 1 ms immediately 
after that substep. What we 
did not know is what happens 
during the second (1 ms) half 
of the long dwell, what drives 
the 40° substep, when is the Pi 
released, and when is the ADP 
released? These are the ques-
tions that Adachi, Kinosita, 
and their coworkers set out to 
answer (Adachi et al., 2007).
The technique used by 
these investigators hinges on 
the ability to fix ATP synthase 
molecules to glass via the N-
termini of its β-subunits, and 
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Protonmotive force produced by the electron transport chain is harnessed by the rotary 
molecular nanomotor ATP synthase to generate ATP. In this issue of Cell, Adachi et al. 
(2007), in a dazzling display of technical sophistication, now disentangle the coupling 
between the mechanical force generated by rotation of the ATP synthase subunits and the 
chemical reactions that occur simultaneously at the enzyme’s three catalytic sites.
Figure 1. The ATP Synthase of Escherichia coli
The rotor consists of γ, ε, and a ring of c subunits (10 in E. 
coli;10–15 in other organisms). The dotted line indicates the 
helical coiled-coil extension of the γ subunit into the central 
cavity of the α3β3 hexagon. Three catalytic sites are located 
at α/β interfaces. The “stator” (ab2δ) prevents corotation of 
catalytic sites with the rotor. Protons traveling down the trans-
membrane H+ gradient, between a and c, generate rotation of 
the c ring, making the γ subunit also rotate, which drives ATP 
synthesis by forcing different conformations sequentially on 
each of the catalytic sites. For ATP hydrolysis-driven proton 
extrusion, all arrows are reversed. ATP synthases from chloro-
plasts and mitochondria follow the same functional principles, 
but show greater subunit complexity. Reproduced from Weber 
(2006) with permission; copyright Elsevier.220 Cell 130, July 27, 2007 ©2007 Elsevier Inc.
to attach 40 nm gold beads to the γ 
subunit (see Figure 1). These manipu-
lations were based on information 
gained from X-ray crystallography 
(Abrahams et al. 1994). Reactions 
were performed in 6-mm wide flow 
chambers constructed on coverslips 
and rotation of the γ subunit was visu-
alized in single molecules using high-
speed imaging of bead location. Bind-
ing and release of nucleotide in real 
time was monitored simultaneously, 
using Cy3-ATP—a fluorescent ATP 
analog the hydrolysis of which also 
drives rotation. Enzyme-bound Cy3-
ATP shows a markedly enhanced flu-
orescence signal. Fluorescence and 
bead images were synchronously 
combined and recorded. To better 
define substeps and dwells, Adachi 
et al. incorporated methods to decel-
erate rotation of the ATP synthase, for 
example, by using ATP-γ-S (an ATP 
analog that is hydrolyzed slowly), a 
“slow-hydrolysis” mutant of ATP syn-
thase, and most interestingly, by forc-
ibly slowing rotation using magnetic 
beads attached to the γ subunit con-
trolled by electromagnets.
High Pi concentration prolonged 
the long dwell and caused frequent 
backward motion at the 40° sub-
step. Rigorous quantitative analysis 
showed that the second, previously-
undefined component of the long 
dwell can now be assigned to Pi 
release (“Pi-release waiting dwell”) 
and that Pi release triggers the 40° 
substep. Moreover, at the beginning 
of the 40° substep, the dissociation 
constant (Kd) for Pi was 4.9 mM, 
whereas at the end of the substep 
it was >50 M. This is an enormous 
decrease in Pi affinity, concordant 
with previous ideas that Pi binding 
is an event that requires energy. In 
addition, when ATP binds (defined 
as 0°), its derived product ADP is 
released during the 80° substep at 240°–320°, showing that ADP stays 
bound for almost a full revolution 
before it is released. Thus, Adachi et 
al. (2007) establish three major new 
points, namely the specific timing 
of Pi and ADP release in relation to 
subunit rotation, and the fact that the 
40° rotation substep is coupled to a 
massive (>104-fold) change in affin-
ity of the ATP synthase for Pi. The 
authors also suggest that the affinity 
of the enzyme for ADP changes con-
comitantly with the 80° rotation sub-
step. Indubitably, this new work has 
answered major questions. Further, 
it shows how single molecule tech-
niques linked with real-time monitor-
ing of nucleotide occupancy provide 
a powerful new tool for studying 
enzymes. Adachi et al. (2007) define 
not only the sequence of intermedi-
ates but also thermodynamics by 
accessing relative energies at each 
stage. In enzymes like ATP synthase 
that contain multiple, cooperative 
catalytic sites with different and 
changing affinities, this approach is 
likely to supplant standard kinetic 
approaches.
There is one discrepancy that 
should be noted. Experiments using 
introduced tryptophan probes show 
that at maximal ATP hydrolysis rates, 
all three catalytic sites are occupied 
(Weber and Senior, 2000; Ren et al., 
2006). Because at maximum veloc-
ity (Vmax) the ATP-waiting dwell is 
essentially absent, this presumably 
indicates that during the long dwell, all 
three sites are occupied, and hence 
ADP is released not at the 240°–320° 
substep but rather at the 320°–360° 
substep. The source of this discrep-
ancy remains unclear.
Of course there are many questions 
still to be answered. Is ATP synthesis 
the exact reversal of ATP hydrolysis, 
or are the dwells and substeps of 
ATP synthesis different from those Cell 13of ATP hydrolysis? Are two catalytic 
sites perhaps active simultaneously 
as indicated by one particular crystal 
structure (Menz et al., 2001)? Once 
ATP is synthesized, how is its imme-
diate hydrolysis prevented? Does 
the ATP synthesis chemical reaction 
occur without free energy input (Keq 
= 1) as claimed but also disputed 
(Weber and Senior, 2003)? Why is 
the stoichiometry of the c subunit 
ring variable and incongruent with 
the invariant three-fold catalytic site 
stoichiometry? Is the stator—the part 
of the enzyme that prevents corota-
tion of catalytic sites with the rotor—
rigid or elastic? With the techniques 
described by Adachi et al. (2007), 
these questions can be explored in 
future studies.
There are an increasing number of 
rotary enzymes and protein assem-
blies that should be amenable to 
exploration with the technologies on 
display in the Adachi et al. (2007). 
Therefore, it is reasonable to surmise 
that many interesting future studies 
will “spin-off” from this revolutionary 
and exciting work.
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